Introduction
Designing low frequency tuned RF accelerating cavities for high power operation and with a cavity length f much less than a quarter wavelength is difficult without extra capacitive loading. One approach to shortening cavity length is to employ a folded coaxial structure as shown in Figure 1 . In a reentrant coaxial cavity, one or more cylindrical conducting walls may be used to partially divide the space between the inner and the outer conductors to increase the electrical length of the cavity.
However, if the maximum radius of the cavity is specified, the characteristic impedance of the coaxial transmission line becomes lower as the number of folds Increases. The reactance at the open end of a short circuited coaxial line is (1) where the characteristic impedance of the coaxial transmission line (2) where '2 and 'I are the radii of the outer and inner conductors, respectively. With lower characteristic impedance of the transmission line, Zo, Eq. (1) does not increase appreciably until the total line length f approaches A/4.
If the electrical length and the diameter of a cavity are much smaller than a quarter wavelength, an extra capacitive loading is required somewhere in the cavity.
As an example, take the folded cavity as shown in Figure 1 . If the length f < 1.8 m and the diameter d < 1.2 m at 10 MHz, then the cavity may need several hundreds of pF of extra capacitive loading at the junction of two transmission line sections to maintain a minimum of 10 em of separation between conductors in the coaxial structure for safe high power application. The capacitive loading may be realized by using one or more circular disks at the junction of the coaxial transmission line sections. A circular parallel plate capacitor with 50 em radius will have capacitance of about 500pF if the spacing between the plates is 1.5em. However, this small spacing is not desirable for high voltage application.
By analogy of an equivalent L -C resonant circuit, greater capacitance is needed near the accelerating gap and greater inductance is needed near the short circuited end to reduce the cavity length. It will be shown later that in a folded structure, the coaxial section close to the gap needs lower Zo to have greater capacitance and the coaxial section close to the short circuited end must have greater Zo to have greater inductance. Eq. (2) suggests that using the outermost conductor for the low Zo coaxial section and the innermost conductor for the high Zo coaxial section is more efficient in getting a shorter cavity length for a specified cavity radius. A design of this cavity is shown in Figure 4 
II. Radial Transmission Line
For the dominant TEM to r mode of a parallel plate radial transmission line structure [1] , the fields with inward and outward traveling waves are 
(3b)
where A and B are magnitudes of incident and reflected waves, and H(I) and H (2) are the Hankel functions of the first and second kind, respectively. The Hankel functions are
where I n is the n-th order Bessel function of the first kind and N n is the n-th order Bessel function of the second kind. Zo(k,) is the characteristic wave impedance of a radial transmission line which is given as
where 'I] is the free space wave impedance.
The phase functions are
The input impedance at a point I = Ii with a load impedance ZL at IL is (4)
where the characteristic impedance is given as [2] , where h is the height of the radial transmission line. 
The input impedance seen in the other direction is
At resonance za = Zb*, the loading capacitance C 1 is solved as where * denotes complex conjugate.
The voltage reflection coefficients at z = 0 and z = €2 are
(lla)
where f*(O) is used to satisfy the resonance condition. The voltages across capaci-
where V~ is the magnitude of the voltage wave traveling in +z direction. The voltage ratio is
B. Radial Transmission Line Loaded Gap Cavity
A coaxial cavity is shown in Figure 4 . This design uses a parallel plate radial transmission line across the accelerating gap for the low Zo structure. This configuration is useful in lowering the resonant frequency for a fixed cavity size, since the coaxial line section near the short circuit with Zol utilizes the beam pipe as the smaller radius of the center conductor, and the section closer to the gap with Z63
utilizes the cavity outer wall as the outer conductor; lower Z03 can be obtained by increasing the separation between the conductors.
The input impedance seen in the direction of the short circuited coaxial transmission line is, according to the equivalent circuit in Figure 4 ,
where ZA is the input impedance at the junction h of the two transmission line sections connected in series,
If the loading effect of the ceramic window is negligible, from Eq. (6) we have The voltages at the junctions J2 and Jl are
where V~+ is the magnitude of the voltage wave traveling in the +z direction. Then (20)
IV. Design Results and Discussions
Design equations are used to find the approximate dimensions and voltage distributions in the cavities for a specified fundamental mode frequency. Fine tuning of the cavity is made by using the computer simulation program URMELT.
For a folded coaxial cavity, the loading capacitance C 1 with respect to the cavity length and the characteristic impedances Zol and Zo2 are shown in Figure 2 for the case of 9.8M Hz cavity. The cavity has a length £ = 1.6m, a radius r2 = 0.6m, and a I3.0em accelerating gap length. These results show that greater Zol for structure near gap and smaller Zo2 for structure near short circuit are required to lower the resonant frequency of the cavity for a fixed cavity length. The voltage across C 1 normalized with respect to the gap voltage across C 2 is shown in Figure 3 . The lower Zo2 requires smaller distance between the inner and the outer conductors, which is incompatible with high power operation. In order to increase the distance between the conductors, greater loading capacitance is required. In simulation using the URMELT code with the constraints £ = 1.6m, 12 = 0.6m, I3.0em of accelerating gap length, and 10.Oem of conductor separation in the inner coaxial structure, more than 500pF of extra capacitive loading is required. Table 1 shows the properties of the monopole and the dipole modes of the folded coaxial cavity obtained from the URMELT simulations. URMELT input data is shown in Table 3 . The monopole and dipole modes found from the URMELT simulation are listed in the Table 4 .
Comparing simulation results of the folded and the gap loaded structures for the fundamental mode, the gap loaded design has higher R/ Q by t'V 40% and lower Q by t'V 15% than the folded structure. Comparing the simulation results for the above two cavities, it can be seen that the higher order mode frequencies differ significantly and the monopole and dipole modes are ordered differently. In the cavity with the radial transmission line loaded gap, the second monopole mode has higher frequency with smaller R/Q and the third monopole mode has higher frequency with greater R/Q than the folded cavity.
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Cavity Length L (m) Figure 2 . Loading capacitance C 1 required at the junction of two transmission line coaxial sections vs. cavity length in the 9.8 !vIHz folded coaxial cavity. 
